Abstract-The ultrafast limit of the response of arrayed waveguide gratings is studied both theoretically and experimentally. We present new experimental results that show that interference occurs inside of an arrayed waveguide pulse shaper even when pulses that travel through different paths do not overlap. A comprehensive discussion of this extreme case is presented.
I. INTRODUCTION
A RRAYED waveguide gratings (AWGs) are extremely versatile integrated-optics devices [1] , [2] . AWG multiplexers are the corner stone in currently deployed wavelength-division multiplexing (WDM) communication systems [3] , [4] . Detailed theoretical methods have been developed for simulation of the spectral response of AWG multiplexers [5] , [6] . Recently, direct space-time pulse shapers based on AWGs [7] , [8] have been demonstrated. Pulse shapers (optical encoders) are key devices for future optical code-division multiple-access (CDMA) communication networks [9] . Even though an analogy between bulk space-time and AWG pulse shapers (AWG-PSs) has already been established [7] and simple design formulas for AWG-PS have been previously described [8] , [10] , [11] , there is still a great need for specific methods for precise simulation of the temporal and spectral response of the AWG-PS. In this paper, we present a detailed model for the simulation of AWG-PS on a femtosecond time scale. In addition, we show new experimental results for the extreme case of AWG-PS operating in the nonoverlapping-pulses (NOP) regime.
The remainder of this paper is structured as follows. Section II contains a general quantitative description of the temporal and spectral response of AWGs to a single ultrashort optical input pulse. Two cases are distinguished depending on the occurrence of pulse overlapping inside of the device. Furthermore, it is shown that the quantitative model predicts the occurrence of interference inside of the AWG-PS in both cases. In Section III, we present novel experiments using an AWG-PS especially fabricated for testing the model prediction of interference inside of a pulse shaper operating in the NOP regime. A discussion of the experimental results is presented in Section IV. It is shown Manuscript [8] - [10] where external modulation was applied will be published elsewhere.
II. QUANTITATIVE DESCRIPTION
The schematic of a conventional AWG layout is shown in Fig. 1 . It consists of a set of input waveguides, followed by a slab or free propagation region (FPR), which is continued by an array of waveguides that acts as a grating, followed by a second FPR and ending with another set of output waveguides [4] . The length of each consecutive waveguide in the grating is incremented by a fixed amount [4] . We assume here that both FPRs have the same radius of curvature ( ) and that consecutive waveguides in the grating are separated by the distance at both FPRs extremes. The key planes to be investigated in the following are also shown in Fig. 1 .
Consider an optical pulse of short duration leaving the central input waveguide ( ) with temporal profile and with its transversal spatial distribution profile equal to the waveguidemode transverse profile [5] as with where is the slowly varying amplitude of the field and is the central frequency of the pulse spectrum defined as [7] 0018-9197/$25.00 © 2007 IEEE Here, we will assume transform-limited pulses of duration , where is the spectral width of the pulse spectrum. Due to the small size of the AWGs and the single-mode character of the waveguides, we will neglect any pulse deformation due to chromatic dispersion. In addition, we consider an AWG with an ideal geometry, i.e., with zero dispersion related to phase errors [12] , [13] . The field is radiated from the central input waveguide to the first FPR. The light spatial distribution ( ) arriving to the focal plane of Fig. 1 can be obtained by the spatial Fourier transform of the input distribution [5] , whereas the temporal profile at the slab-grating interface is identical to that of the input pulse except for a phase factor, thus, the field arriving to the grating is described by with where denotes the spatial Fourier transform, is the speed of the light, and is the effective refractive index of the slab region. The light coupled into each of the waveguides of the grating is proportional to the overlap integral between the spatial distribution of the illuminating field and the waveguide mode [5] . Therefore, the field coupled to the grating is given by (1) with (2) The parameter was included in (1) to account for external modulation of the grating. Phase or amplitude modulation can be implemented experimentally by using a combination of a reflective AWG and a spatial light modulator used as the external reflector [8] , [10] , [11] . Here, we will focus the attention in the case , which corresponds to absence of external modulation. Using (2), (1) can be rewritten as (3) Equation (3) without external modulation ( ) shows that the total field coupled to the grating can be described as low-intensity pulse replicas simultaneously coupled to different waveguides of the grating and each having the same spectrum of the input pulse.
By design, there is a constant length difference between consecutive waveguides in the grating [4] where is the effective refractive index of the waveguides and is the diffraction order. This constant length difference results in a time delay inverse proportional to the free spectral range (FSR) of the device [7] The spectral component with frequency of the pulse replica traversing the th waveguide ( ) experiences a relative phase shift, with respect to the component with frequency of the pulse replica traversing the central waveguide in the grating, which is equal to [5] Thus, the field in the other extreme of the grating (plane in Fig. 1 ) is given by the following expression: (4) Equation (4), with , shows that the total field leaving the grating can be described as low-intensity pulse replicas, each one coupled to a different waveguide of the grating. The pulse replicas have the same spectrum of the input pulse, but there is a delay between pulse replicas traversing consecutive waveguides of the grating. If the spectral width of was smaller than the FSR ( ), the pulse replicas would overlap at the focal point of the second FPR. In the opposite case, , the pulse length would be smaller than the separation between consecutive pulse replicas and no pulse overlapping could occur inside of the AWG. Equation (4) can be rewritten as follows: (5) Equation (5) gives an alternative way to describe the total field leaving the grating. A Dirac's translational state [14] with frequency leaves each waveguide of the grating. Ideal translational states are monochromatic and, thus, infinitely long. Actually, the length of real translational states is ultimately determined by the coherence length of the numerous modes lasing simultaneously in the cavity of the mode-locked laser often used as the pulsed light source [15] . This length is typically much larger than the AWG dimensions; consequently, we should expect that the translational states corresponding to the same frequency but leaving different waveguides of the grating overlap at the focal point of the second FPR. This would result in interference occurring inside of the AWG even in the absence of pulse overlapping. For comparison with the theoretical work in [7] , it is helpful to rewrite (5) in terms of the masking function defined by (2) as (6) with Thus, the field arriving at the output waveguides (plane in Fig. 1 ) is the spatial Fourier transform of (6) with the result [7] with Note that the complex spectrum of the field arriving to the plane is given by and is the spectral response function of the AWG. Now consider a thin slit at the lateral position , i.e., of the form . The filtered spectrum now has the form
Equation (7) shows that a transverse movement of the output slit leads to a simple shift in the spectral response of the AWG, i.e., different frequencies leaves different output waveguides of the AWG. This occurs independently of the spectral with of the input pulse, i.e., as expected, interference occurs inside of the AWG even in the extreme case that there is no pulse overlapping inside of the device. With the slit at the central output waveguide ( ), the field after the slit is then given by (8) As (8) shows, the temporal profile of the field coupled to the output slit is determined by the temporal profile of the input field convolved with a scaled version of the masking function (9) has maxima at multiple values of . Without external modulation, if the spectral width of the input pulse spectrum is smaller than the FSR ( ), the convolution (9) results in an elongated output pulse. This corresponds to an output spectrum containing a single narrow peak. In the opposite case, , the pulsewidth is smaller than the period of the scaled version of the masking function. This results in a burst of pulses with a repetition rate equal to and a multiple-peaked spectrum with a peak-to-peak separation equal to the FSR.
III. EXPERIMENTS
The AWG-PS used in this study was especially fabricated for testing the quantitative model prediction of interference inside of a pulse shaper operating in the NOP regime. It includes a waveguide-based grating fabricated using silica-on-silicon planar lightwave technology and arranged in a reflective geometry [16] . A photograph and a schematic presentation of the reflective AWG layout are shown in Fig. 2 .
The AWG-PS consists of an input-output coupler, a 3-mm-long slab region, an arrayed waveguide grating with 21 waveguides, and a reflecting surface. High reflectivity at the reflecting surface was assured by the deposition of a Cr-Au film. The waveguides forming the grating have a constant length increment of 2 mm. Separation between waveguides is larger than 25 m, which prevents any light coupling between them. The input-output structure contains one input and six output waveguides, with all waveguides placed perpendicular to the coupler-slab interface. For optical measurements, an array of optical fibers (not shown in Fig. 2 ) is attached to the input-output coupler of the AWG-PS. The device was designed to operate at a center wavelength of 1.56 m with a channel-to-channel frequency separation of 25 GHz and a free spectral range of 50 GHz. Each waveguide in the device has a cross section of 5 5 m , and the step refractive index difference between core and cladding is . In the spectral and temporal experiments described below, a passive mode-locked laser (Femtomaster from Fianium) was used to illuminate the AWG-PS through its input waveguide. The laser, with an average power of 5 mW, emits 0.5-ps pulses with a repetition rate of 50 MHz. The laser has a time-limited spectrum with a spectral width of nm. An optical spectrum analyzer with 0.1-nm resolution was used to record the power spectra at the output of the laser and at the output waveguides (output channels) of the device. The temporal profile of the output signals were recorded via intensity auto-correlation in a free-space apparatus.
We measured the spectral and temporal output response of a single output channel of the AWG-PS, averaged over many The single-channel output spectrum consists of numerous narrow peaks separated by GHz. The intensity distribution of the peaks is modulated by the spectral envelope of the mode-locked laser (Fig. 3) . The intensity autocorrelation trace exhibits a train of pulses with the pulse-to-pulse separation of ps (Fig. 4) , as expected from the time delay imposed by the length increment between individual waveguides of the grating.
We also compare the output response of the AWG-PS measured at two different output channels. Details of the measured output spectra for two consecutive output waveguides are shown in Fig. 5 . A relative shift of GHz is clearly observed comparing the two spectra.
IV. DISCUSSION
In the AWG-PS described here, the incident pulse diffracts out of the input waveguide and, after propagation through the slab region, illuminates the grating launching a pulse replica in each waveguide of the grating [see (3) ]. The pulse replicas have lower intensity but the same spectrum as the input pulse. After returning from the reflecting surface, each pulse replica diffracts out of a waveguide of the grating [see (4)] and, after propagating back through the slab region, illuminates the input-output coupler launching an output pulse in each output waveguide. As a result, when the AWG-PS is illuminated with a single input pulse, the temporal response at each output channel of the device is a burst of pulses [see (9) in Section II for the case ]. The burst last several hundred picoseconds, which is much longer than the width of the pulses in the burst but much shorter than the 20-ns separation between bursts produced by consecutive input pulses. It is worth noticing that the spatial extent of the 0.5-ps pulse replicas in silica glass is m, and the round-trip pulse replica-to-pulse replica separation is 4 mm. This is 1 mm longer than the length of the slab region. Therefore, the output pulses related with a pulse replica are already traveling through the output waveguides while the next pulse replica is still traversing the grating. Thus, there is never more than one pulse replica in the slab region which is the only place inside of the AWG-PS where superposition of pulse replicas could occur. This claim is supported by the results shown in Fig. 4 . The arrayed waveguide grating acts as a series of delay lines, where each pulse in the output train is associated with a specific waveguide of the grating. The delay increment of ps between pulse replicas traversing consecutive waveguides is much larger than the width of the input pulse. Thus, there is no temporal and spatial overlap between pulse replicas, at any moment, inside of the AWG-PS. In addition, there is no overlap between pulses in the output burst, as clearly shown by the autocorrelation trace in Fig. 4 .
The multiple-peaked nature of the spectrum of an output channel is expected from a simple Fourier analysis. As expected, a modulated temporal trace with period of ps (Fig. 4) results in a periodic multiple-peaked spectrum with frequency separation of GHz (Fig. 3) . This is equal to the design value of the device free spectral range. A frequent physical description for the results shown in Fig. 3 asserts that pulses in the output train become stretched by the external optical analyzer used to measure the spectrum. Stretched pulses overlap inside the analyzer resulting in the so-called spectral interference [17] , [18] . Based on this analysis, the observed interference (modulated spectrum shown in Fig. 3) would be attributed to the superposition of stretched pulses outside of the AWG-PS. However, the comparison between the output spectra from two different channels of the AWG-PS demonstrates that interference also occurs inside of the device, without any overlap between pulse replicas, and before the light arrives to the external apparatus used to measure the output spectrum.
A clear frequency shift of GHz is observed in Fig. 5 comparing the output spectra measured at two consecutive channels of the AWG-PS. This is equal to the design value of the device channel-to-channel frequency separation, even in the ultrafast limit; light with different frequencies leaves different output channels of the AWG-PS.
The observed frequency shift is a characteristic signature of interference in multiple-slits experiments. Interference supposes superposition but the things that superpose inside of the extreme AWG-PS used in this work are not pulses. Using Fourier optics approaches (see Section II), each femtosecond pulse replica can be described as a superposition of monochromatic components [19] that satisfy two conditions: a large spectral bandwidth and each spectral component must have a specific phase relation to the other components [20] . Pulses are spatially confined in relatively small regions but, as discussed above [see (5)], the monochromatic Dirac's translational states are much longer. The Dirac's translational state with frequency , which traverses the th waveguide of the grating, is described by the following expression: (10) Note that ideal translational states are monochromatic and, thus, infinitely long. There are translational states with the same frequency traversing the grating simultaneously where each one traverses a different waveguide of the grating. Superposition of these extended translational states, corresponding to pulse replicas traversing different waveguides of the grating, produces that light with different frequencies leaves different output channels. The absence of temporal and spatial overlap between pulse replicas does not matter; as long as the Dirac's translational states corresponding to pulse replicas traversing different waveguides of the grating overlap coherently inside of the AWG-PS, interference occurs inside of the pulse shaper and the arrayed waveguide grating continues to yield precisely the spectral information expected of it.
Even when individual photons are not detected in the experiments described in this study, it is interesting to look at the experimental data shown in Figs. 3 and 4 from the more general point of view of quantum optics. In this approach, interference occurs because there are indistinguishable ways for an event to occur [21] . Here, the event is the detection of a photon which entered the AWG-PS at a defined time and left it with a specific delay through a particular output waveguide. The AWG device may be considered a multiple-slit arrangement, thus, a photon can arrive to the same output waveguide following numerous optical paths. Monitoring the burst of pulses at a single output waveguide (Fig. 4 ) makes (at least in principle) it possible to identify which waveguide of the grating a particular photon passed through. However, interference still occurs inside of the AWG-PS because it is not possible to simultaneously know the energy of the photon since the output spectrum is multiple-peaked (Fig. 3) . If, intending to determine the energy of the photon, an external optical spectrum analyzer were coupled to the output channel, pulses of the output burst would be stretched in the external apparatus, resulting in a single elongated pulse. This would erase the which-path information. Absence of which-path information would be the reason why interference occurs in the combined system formed by the AWG-PS plus the external apparatus.
We provide a comparison between experimental and numerical results using the analytical formulas described in Section II. A Gaussian approximation was adopted for the mode transverse profiles of the waveguides, but all spatial and temporal Fourier transforms were calculated numerically using a fast Fourier transform (FFT) algorithm. First, single-channel output spectra were numerically calculated. Then, the temporal response of the device was evaluated as the temporal Fourier transform of the spectral response. Excellent agreement between calculated and measured spectra (autocorrelation traces) for a single output channel of the device can be clearly observed in Fig. 3  (Fig. 4) , demonstrating the effectiveness of proposed model.
V. CONCLUSION
We have presented a general quantitative description of the temporal and spectral response of AWGs to a single ultrashort optical pulse. This model permits two complementary but equivalent descriptions of what happens in AWG-PSs. One description refers to propagation of a set of replicas of the input pulse. This description is more useful in the case that the spectral width of the pulse spectrum is smaller than the FSR of the device. In this case, the simplest description of the interference inside of the AWG-PS may be done in terms of superposition of overlapping pulse replicas at the focal point of the second FPR of the device.
The alternative description is more useful when the spectral width of the pulse spectrum is larger than the FSR of the device. In this case, pulse replicas traversing different waveguides of the grating do not overlap. However, we demonstrated that, even when pulses do not overlap at all inside of the device, it is still possible to describe the interference inside of the AWG-PS in terms of superposition of overlapping Dirac's translational states. In addition, we presented novel experiments using an AWG-PS especially fabricated for testing this extreme. The experimental results agreed nicely with the predictions of our quantitative model. 
